Ca reaction with cross sections of about 1 pb. A discussion of self-consistent interpretations of all observed decay chains originating at Z = 118, 116, and 114 is presented.
I. INTRODUCTION
In previous experiments in which superheavy nuclei close to the predicted neutron magic number N = 184 were synthesized, we used the complete-fusion reactions of target and projectile nuclei having the largest available neutron excess: Ca [3] . In all of these cases, the observed ␣-decay chains of parent isotopes of elements 114, 116, and 118 were terminated by the spontaneous fission (SF) of previously unknown descendant nuclei with Z = 110 [1, 2] or 114 [3] . Because of the lack of available target and projectile reaction combinations, these unknown descendant nuclei cannot be produced as a primary reaction product. Thus the method of genetic correlations to known nuclei for the identification of the parent nuclide (see, e.g., review [4] and references therein) has limited application in this region of nuclei.
In these experiments, we identified masses of evaporation residues (ER's) using the characteristic dependence of their production cross sections on the excitation energy of the compound nucleus (thus defining the number of emitted neutrons) and from cross bombardments, i.e., varying mass number of the projectile or target nuclei which changes the relative yields of the xn-evaporation channels. Both of these methods were successfully used in previous experiments for the identification of unknown artificial nuclei (see [5] and references therein), particularly those with short half-lives for decay by SF.
We present the results of excitation-function measurements for the 244 Pu+ 48 Ca fusion-evaporation reactions. We also report on the synthesis of new isotopes of element 116 in the 245 Cm+ 48 Ca reaction.
II. EXPERIMENTAL TECHNIQUE
The 48 Ca ion beam was accelerated by the U400 cyclotron at the Flerov Laboratory of Nuclear Reactions (FLNR). The typical beam intensity at the target was 1.2 pA. The 32-cm 2 rotating targets consisted of the enriched isotopes 244 Pu ͑98.6%͒ and 245 Cm ͑98.7%͒ deposited as PuO 2 and CmO 2 onto 1.5-m Ti foils to thicknesses of about 0.38 mg cm −2 and 0.35 mg cm −2 , respectively. The ER's recoiling from the target were separated in flight from 48 Ca beam ions, scattered particles and transfer-reaction products by the Dubna Gas-filled Recoil Separator [6] . The transmission efficiency of the separator for Z = 114 and 116 nuclei was estimated to be about 35-40% [6] ; the separator efficiency is slowly changing as a function of mass and recoil energy over the range studied in these experiments.
Evaporation recoils passed through a time-of-flight system (TOF) and were implanted in a 4 ϫ 12 cm 2 semiconductor detector array with 12 vertical position-sensitive strips, located in the separator's focal plane. This detector was surrounded by eight 4 ϫ 4 cm 2 side detectors without position sensitivity, forming a box of detectors open from the front (beam) side. The position-averaged detection efficiency for ␣-decays of implanted nuclei was 87% of 4. The detection system was tested by registering the recoil nuclei and decays (␣ or SF) of the known isotopes of No and Th, as well as their descendants, produced in the reactions 206 Pb( 48 Ca,xn) and nat 
Yb͑
48 Ca, xn͒. The energy resolution for ␣ particles absorbed in the focal-plane detector was 60-90 keV. The ␣-particles that escaped the focal-plane detector at different angles and registered in a side detector had an energy resolution of the summed signals of 140-200 keV. The FWHM position resolutions of the signals of correlated decays of nuclei implanted in the detectors were 0.8-1.3 mm for ER-␣ signals and 0.5-0.8 mm for ER-SF signals. As it can be seen from the data presented below, all the correlated events observed in these experiments were registered with position deviations corresponding to the given position resolutions except for two SF events. However, both these SF events were detected in beam-off period and the probability of observing them as random events is negligibly low. Fission fragments from 252 No implants produced in the 206 Pb+ 48 Ca reaction were used for an approximate fission-energy calibration. The measured fragment energies were not corrected for the pulse-height defect of the detectors, or for energy loss in the detectors' entrance windows, dead layers, and the pentane gas filling the detection system. The mean sum energy loss of fission fragments from the decay of 252 No was about 20 MeV.
III. RESULTS

A. Excitation functions of ER's produced in
244
Pu+
48
Ca reaction
In this series of experiments, we chose bombarding energies for the 48 Ca ions that were greater than what had been studied previously [1] . Table I summarizes the lab-frame beam energies in the middle of the target layers, excitation energy ranges [7] and beam doses for the experiments studied. The systematic uncertainty in the beam energy is about 1 MeV. With the beam energy resolution, the small variation of the beam energy during irradiation, and the energy loss in the target, we expected the resulting compound nucleus 292 114 to have excitation-energy ranges of 3.1 to 4.5 MeV. In our previous experiments performed in the years 1998-1999
Pu target was bombarded with a similar beam dose at lower excitation energies (see Table I ).
To detect these decay sequences in low background conditions, we employed a special measurement mode [2, 3] . The beam was switched off after a recoil signal was detected with parameters of implantation energy and TOF expected for Z = 114 evaporation residues, followed by an ␣-like signal with an energy of 9.66 MeVഛ E ␣ ഛ 10.08 MeV, in the same strip, within a 1.4-1.9 mm wide position window and a time interval of 10 s. The duration of the pause was determined from the observed pattern of out-of-beam ␣ decays and varied from 3 to 12 min. Thus, all the expected sequential decays of the daughter nuclides with Z ഛ 112 should be observed in the absence of beam-associated background.
The measured parameters of the decay chains observed at the three bombarding energies, namely detected energies of events E, positions of the ER's with respect to the top of the strip P ER , difference in vertical positions relative to the ER ␦P, time intervals ␦t between detected events, and strip numbers are shown in Table II . At 243 MeV, we observed two decay chains (see the first two rows of Table II), each consisting of two consecutive ␣ decays terminated by SF. The assignment of the event with E ␣ = 9.9± 0.9 MeV to the 289 114 in the second decay chain is rather tentative because its registration probability in 6.3 s time interval as a random signal is about 40% (average counting rate of such events by the whole side detector array was about 4.5 min −1 ). The same values for three other similar events (rows 3, 5, and 12) are about 18%, 2%, and 6%, respectively. However, the detection probability of this chain (ER-␣ 2 -SF) caused by unrelated signals is quite low P err Ͻ 5 ϫ 10 −4 . Ca reactions at lower compound nucleus excitation energies [1, 2] . These decay chains consisted of a single ␣ decay followed by the SF decay of the daughter nucleus, both detected within one second of the ER implantation. Four more decay chains of this type were observed at 250 MeV and one additional chain was observed at 257 MeV. These nuclei were also observed in the narrow energy interval of 243-257 MeV ͑E * =41 − 53 MeV͒.
All of the events of this type of decay, observed at the various 48 Ca energies, are presented in the second section of Table II . The parent nuclei in these chains emit an ␣ particle with an energy of 9.95 MeV in a short time following the ER implantation ͑T ␣ ϳ 0.6 s͒. The daughter nuclei undergo SF decay with a half-life of ϳ0.1 s.
The excitation functions for producing various nuclei in the 244 Pu+ 48 Ca are shown in Fig. 1 . They correspond well with what we expect for the indicated xn-evaporation channels [5] . As one can see from Fig. 1 , the excitation functions of the nuclei that undergo sequential decays (␣-␣-SF and ␣-SF), overlap and their maxima are located at E * ϳ 40-43 MeV. The spectra of ␣ particles and pairs of SF fragments observed in these chains are given in Fig. 2 together with the data from the reaction 248 Cm+ 48 Ca [2] . In both cases, the radioactive decay of the observed nuclei is characterized by a strictly defined ␣-transition energy. The relationship of the decay energy, Q ␣ , and the half-life, T ␣ , for Z = 114 gives evidence for the observation of unhindered ␣ transitions that are typical for the decay of even-even nuclides (see Table III ). Decay energies of the mother nuclei in these two cases differ by only 0.1 MeV. If we consider only the decay properties of the Z = 114 species themselves, there is insufficient evidence to identify more than one nuclide from the experimental data. However, the decay properties of the daughter nuclei differ considerably. In the longer chains ͑␣-␣-SF͒, the daughter nucleus undergoes ␣ decay in all 8 cases with T ␣ =34 −9 +17 s. In the shorter chains ͑␣-SF͒, the daughter nucleus decays in all 12 cases by spontaneous fission with T SF = 0.098 −0.023 +0.041 s. This difference in T ␣ and T SF lies far beyond statistical uncertainties and can only be explained by the fact that the two observed types of decay chains originate from two neighboring isotopes of element 114 if one does not assume SF decays from isomeric states.
Finally, at the maximum beam energy of 257 MeV, we detected a single example of a new type of decay chain, not observed at lower energies. This chain includes two sequential ␣ particles with energies of 10.03 MeV and 9.54 MeV and ends in SF, with all decays detected in a time interval of about ten seconds (see the third section of Table II and Fig.  1 ).
Although the ␣ decay energy of the mother nucleus in this new decay chain is similar to those observed in the two previously considered chains (a difference of ϳ0.2 MeV and ϳ0.1 MeV, respectively), the daughter nucleus in this chain differs in decay energy as well as in half-life. Assuming that this chain belongs to the decay of another new nucleus, we arrive at the conclusion that in the present Based on the decay properties of nuclei in the observed decay chains and dependence of their yields on the bombarding energy, we should assign the shorter (␣-SF) chain to the decay of the even-even nuclide 288 114 produced via the 4n-evaporation channel with a maximum cross section of ϳ5 pb. The two different ͑␣-␣-SF͒ chains should be assigned to the decay of neighboring even-odd isotopes of element 114 produced in the 3n-and 5n-evaporation channels with cross sections of ϳ2 pb and ϳ1 pb, respectively. Note, in this interpretation of the data, the previously observed ␣ decay of the parent nuclei discovered in the reactions Ca, we chose a lab-frame beam energy of 243 MeV in the middle of the target ͑E * = 30.9-35.0 MeV͒ (see Table I ). At this beam energy, the production of isotopes 290, 291 116 is expected with high probability. In this experiment the beam was switched off after a recoil signal was followed by an ␣-like signal with an energy of 9.80 MeVഛ E ␣ ഛ 11. , we detected five decay chains which fall into two decay types given in the fifth and fourth sections of Table II, respectively. The first type of decay represents a two-or three-step decay (ER-␣-SF or ER-␣-␣-SF), lasting ϳ0.5 s. In two of the three decay chains of this type, the first ␣ decay was not observed. The probability of detecting the preceding ER's as random events producing an accidental correlation was only about 2% in both cases. Despite the fact that the ␣ particles were not observed in the ER-SF time interval, we tentatively assigned these events to the same ER-␣-SF type, supposing that the ␣ particles were not detected. In this experiment, we registered eight ␣ particles by means of a detector with an 87% efficiency. Missing two ␣ particles is not improbable. The second decay type included three sequential ␣ decays and also ended in spontaneous fission. The total time interval between the ER and the SF for that decay type is about 10 s and is dominated by the last ␣ decay that precedes the SF.
These new chains produced in the Ca [2] . Indeed, for the 10 s decay chain in the 245 Cm experiments, the energy of the ␣ particles emitted by the mother and daughter nuclei Z = 116 and 114) are about 0.2 MeV larger and their halflives are smaller than that observed for more neutron-rich isotopes of elements 116 and 114. An even stronger difference is observed in the decay of granddaughter nuclei ͑Z = 112͒, where the ␣ particle energies differ by ϳ0.4 MeV and the difference in half-life increases accordingly. For the 0.5 s decay chain in the 245 Cm experiments, the ␣ particle energies of the mother and daughter nuclei (Z = 116 and 114) are about 0.3 MeV and ϳ0.2 MeV larger and the decay modes and half-lives of granddaughter nuclei ͑Z = 112͒ are different (T SF ϳ 1 ms and T ␣ = 34 s, see Tables II and III) .
The differences in decay properties of the daughter nuclei ͑Z = 114͒ are also observed when comparing data from the Fig. 3 ). As a result, the longer ER-␣-␣-␣-SF chains observed in the 245 Cm+ 48 Ca reaction must arise from the decay of 291 116 produced via the 2n-evaporation channel. Then, the shorter chains should be assigned to the decay of even-even 290 116, the product of 3n-evaporation. The energies of the first ␣ decay in the short ͑0.5 s͒ and long ͑10 s͒ chains differ by just 0.1 MeV and the energies of the second ␣ decay in both chains are close to each other. However, the correlation times of the third ␣ decay and SF decay time in the short ͑ER-␣-␣-SF͒ chain differ substantially (T ␣ =6 s, T SF =1 ms). For the daughter nucleus 286 114, in one decay chain we observed ␣ decay and SF was registered in two other cases. The ␣ decay of this isotope was not observed in the decay chain originating from 294 118 [3] .
IV. DISCUSSION
In the present work, we measured, for the first time, the production cross sections of the ER's produced in the reaction 244 , at E * = 53 MeV corresponds to a production cross section of 1.1 −0.9 +2.6 pb. The difference in nuclear properties expressed in the decays of daughter nuclei produced in these experiments calls for assigning the different decay chain types to different parent isotopes produced via 3n-, 4n-, and 5n-evaporation channels. From the viewpoint of decay characteristics of the Z = 114 nuclei, the chains of the two ER-␣-␣-SF and one ER -␣-SF types could be considered as both originating from the even-even nuclide 288 114 produced in 4n-evaporation channel. In the three different chains, the ␣-decay energies of the mother nuclei ͑Z = 114͒ are 9.82-10.04 MeV and the halflives are 0.63-2.7 s. These ␣-decay energies and half-lives are quite similar. However, the decay for the daughter nuclei ͑Z = 112͒ from the three chains varies greatly. In two of the chains they undergo ␣ decay with energies of 9.54 and 9.16 MeV with half-lives of 6 and 34 s, respectively. The daughter from the third chain decays via SF with a 98 ms half-life. These varying daughter decay properties lead to the Ca reaction (two events) essentially reproduces the characteristics of the 10-s ͑ER-␣-␣-SF͒ chain arising in the 244 Pu+ 48 Ca reaction that we assign to the decay of isotope 287 114. Therefore, the longer decay chains ͑ER-␣-␣-␣-SF͒ are assigned to the decay of 291 116 produced in the 2n-evaporation channel of the 245 Cm+ 48 Ca reaction. Then, the shorter three chains should be assigned to the decay of even-even 290 116, the product of 3n-evaporation. The ␣ particle spectra observed in these experiments from the decay of the nuclei with Z = 116 and 114 are characterized by well-defined transition energies. They follow the relationship between the probability and energy of ␣-decay (Viola-Seaborg formula) that was determined from 65 eveneven nuclei with Z Ͼ 82 and N Ͼ 126, for which T ␣ and Q ␣ values have been measured. This means that the observed transitions are as unhindered for the even-Z isotopes with odd mass numbers as they are for isotopes with even mass numbers. In particular, both these facts, i.e., the registration of unhindered decays and unique ␣-particle energies for odd isotopes produced at only one bombarding energy in our previous experiments 244 [2] have led to their assignment to the even-even isotopes. The decay properties of nuclei produced in present experiments are given in Table III . The expected half-lives corresponding to the measured ␣-particle energies for the given isotopes, calculated from the Viola-Seaborg systematics, are shown in separate column behind the measured values.
The ␣-decay energies of the synthesized nuclei are given in Fig. 4 together with the available values of Q ␣ for the known isotopes with even Z ജ 100 and theoretical values [10, 11] . Radioactive properties of isotopes with Z = 112, 114, and 116 are in qualitative agreement with the macromicroscopic model calculations that predict the nuclear shapes to be close to spherical in this domain.
Despite expectations, all of the observed ER's are produced at beam energies exceeding the Coulomb barrier for the 244 Pu+ 48 Ca reaction (B Bass = 233 MeV, E * = 32.9 MeV). In contrast to the well-studied reactions 206, 208 Pb+ 48 Ca that are used in many model calculations, the 244 
Pu+
48 Ca xn-evaporation excitation functions are shifted to higher energies. The highest yield is observed at E * Ϸ 41 MeV, close to expectations for the 4n-channel maximum. This points to a considerable decrease in the compound nucleus formation cross-section around the Coulomb barrier. Such an effect is not observed in the fusion of Pb target nuclei with 48 Ca and heavier projectiles (the cold fusion reactions). This may be associated with the orientation of the deformed target nucleus during its interaction with the approaching 48 Ca projectile. If the major contribution to the formation of the compound nucleus is associated with the compact system in the entrance channel (the minimum distance between the centers of interacting nuclei), then as shown in [14] and in experiments with light compound nuclei [15] , the fusion threshold should increase and the number of neutrons emitted from a more heated nucleus should increase accordingly.
In the Based on the measured production cross sections of new nuclides, their synthesis in the cross bombardments, as well as comparison of their decay properties with experimental systematics and theoretical predictions, it is most reasonable to assign observed nuclei to the products of the complete fusion reactions followed by neutron evaporation. For the trans-actinide compound nuclei, the ␣xn or pxn reactions were not previously observed in the reactions induced by heavy projectiles with A ജ 40 (see, e.g., [4, 16] and references therein). From our experiments 206 Pb͑ 48 Ca, 1-4n͒ [250] [251] [252] [253] No [17] we set the upper cross section limits for the ͑␣2n + a3n͒ reactions to be lower by a factor of 33 than that of the 2n evaporation channel at its maximum and by factors of 6 and 3 at E * = 20 MeV and 40 MeV, respectively. Moreover, the separator transmission for such reaction products is about an order of magnitude lower compared with the products of xn evaporation. Besides, the assignment of the new synthesized nuclei to the ␣xn-or pxn-reaction products would result in noticeable excess of experimental Q ␣ values over the theoretical ones and in considerable deviations from the experimental T ␣ vs. Q ␣ systematics.
From the theoretical consideration, the 48 Ca-induced reactions with actinide nuclei essentially differ from the coldfusion one. In the latter case, the production of residual nuclei is largely determined by the decrease of compound nucleus formation probability with increasing of projectile mass thus resulting in gradual reduction of their yields. For the more asymmetrical 48 Ca-induced reactions with actinide targets, the probability of compound nucleus formation is substantially higher but the yields of ER's largely depend on their survival probability during the deexcitation of hot nuclei. The recent calculations [9] Cf [3] with 48 Ca. However, the calculations of cross sections for the production of superheavy nuclei in these reactions are rather complex and uncertain because of lack of adequate microscopic model for description of compound nucleus formation process and precise parameters of such nuclei, for instance their fission barriers, nucleon separation energies, and nuclear deformation parameters. In this respect, further experiments aimed at the investigations of chemical properties and precise mass measurements of descendant nuclei in the observed decay chains as well as synthesis of heavy nuclei decaying to the known nuclides in the 48 Ca induced reactions with actinide targets are highly desirable.
In view of these interpretations, the data of our first experiments [19] , we did not observe the long decay chain similar to that which we had detected in our first experiment [19] [20] show that such a long chain can be assigned to a rare decay branch of the even-odd nuclide 289 114. This rare decay starts from the isomeric first excited state rather than from the ground state, and goes through low-lying levels in the daughter nuclei in accordance with the selection rules associated with the appropriate quantum numbers.
In the present experiments, we did not observe the 3 or 5 min ER-␣-SF decay chain reported in the 242 Pu+
48
Ca reaction studied with the VASSILISSA separator and assigned to 287 114 [21] . In order to resolve the remaining contradictions concerning properties of 
